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ABSTRACT
RNA interference (RNAi) is an indispensable mech-
anism for antiviral defense in insects, including
mosquitoes that transmit human diseases. To es-
cape this antiviral defense system, viruses encode
suppressors of RNAi that prevent elimination of vi-
ral RNAs, and thus ensure efficient virus accumula-
tion. Although the first animal Viral Suppressor of
RNAi (VSR) was identified more than a decade ago,
the molecular basis of RNAi suppression by these
viral proteins remains unclear. Here, we developed
a single-molecule fluorescence assay to investigate
how VSRs inhibit the recognition of viral RNAs by
Dcr-2, a key endoribonuclease enzyme in the RNAi
pathway. Using VSRs from three insect RNA viruses
(Culex Y virus, Drosophila X virus and Drosophila C
virus), we reveal bimodal physical interactions be-
tween RNA molecules and VSRs. During initial inter-
actions, these VSRs rapidly discriminate short RNA
substrates from long dsRNA. VSRs engage nearly ir-
reversible binding with long dsRNAs, thereby shield-
ing it from recognition by Dcr-2. We propose that the
length-dependent switch from rapid screening to ir-
reversible binding reflects the main mechanism by
which VSRs distinguish viral dsRNA from cellular
RNA species such as microRNAs.
INTRODUCTION
All living organisms are constantly exposed to molecu-
lar parasites including viruses. Antiviral immune responses
have evolved to eliminate these invaders, ensuring survival
of host organisms. Insects, including mosquitoes that trans-
mit human diseases such as dengue and Zika fever, rely on
the RNA interference (RNAi) pathway to fight viruses (1).
In the RNAi pathway, the endoribonuclease Dicer-2 (Dcr-
2) complexed with RNA-binding protein partners cleave vi-
ral double-stranded (ds) RNAs into ∼21-nt viral small in-
terfering RNAs (vsiRNAs) (2–4). Dicer proteins preferen-
tially select dsRNA substrates with 2-nt 3′ overhang us-
ing the PAZ domain. However, Drosophila melanogaster
Dcr-2 appears to have an alternative substrate recognition
mode to process viral dsRNA in a PAZ-independent man-
ner, which allows for cleaving dsRNA with a blunt end
(5). This non-conventional substrate recognition is coupled
with adenosine triphosphate (ATP) hydrolysis and struc-
tural rearrangement of the helicase domain (6). Upon vi-
ral dsRNA recognition and cleavage byDcr-2, the vsiRNAs
are loaded into Argonaute-2 to guide the effector nuclease
complex called RISC (RNA Induced Silencing Complex)
to target RNAs. VsiRNA-loaded RISC then cleaves viral
single-stranded RNA molecules that have escaped Dcr-2
(4). Specificity of target search is conferred by base pair-
ing between guide RNAs embedded within RISC and tar-
get RNAs (7–9). The antiviral activity of RNAi is evident
from the observation that genetic inactivation of the RNAi
pathway promotes the proliferation of the invading viruses
to the detriment of the insect host (10–13).
As a counter-defense, viruses evolved a multitude of pro-
teins called Viral Suppressors of RNA silencing (VSRs)
that antagonize the RNAi pathway (11,14–17). The antivi-
ral RNAi response is activated by the detection of intra-
cellular double-stranded RNAs (dsRNA) that are essen-
tial intermediates in replication of RNA viruses, or may
be produced by convergent transcription from both strands
of dsDNA viruses (2,18). This initial stage of the antiviral
RNAi response would be an effective target for viral inter-
ference. Indeed, many VSRs possess dsRNAbindingmotifs
that recognize viral RNA molecules to protect them from
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Dcr-2 cleavage and/or prevent loading of vsiRNAs into
Argonaute (2,11,14,19–21). Yet, alternativemodes of RNAi
suppression exist. For example, several VSRs physically in-
teract with RNAi protein effectors via protein-protein in-
teractions and alter the ability to cleave viral RNAs (16,22–
24). Although the interplay between viral RNAs, VSRs,
and RNAi machinery has been investigated, the molecular
mechanisms bywhichVSRs discriminate viral dsRNA from
other cellular RNA species remain largely unknown.
Recent single-molecule approaches allow for real-time
observation of macromolecular complexes in action with
high spatiotemporal resolution (25–28). Here we developed
single-molecule assays to visualize in real-time RNA recog-
nition by VSRs from three insect RNA viruses, Culex Y
virus (CYV) VP3, Drosophila X virus (DXV) VP3 and
Drosophila C virus (DCV) 1A (20). Our single-molecule
data indicate that these VSRs engage physical interactions
with the viral RNA molecules, which prevents RNA recog-
nition by Dcr-2. VSRs use a rapid screening mode to dis-
tinguish viral RNA substrates from host RNAs such as
precursor or mature duplex microRNAs. The length of the
double-stranded region is the most critical feature for selec-
tion. Short dsRNA molecules are rapidly rejected after ini-
tial contact with the VSRs, whereas long dsRNAmolecules
achieve irreversible binding that preclude Dcr-2 recogni-
tion.We propose thatVSRs rely on the length of the stem re-
gion to discriminate viral RNAs from other structured cel-
lular RNA species.
MATERIALS AND METHODS
Protein purification
GST-Loqs-PD was expressed in Escherichia coli BL21 DE3
strain.When the bacterial cultures had reached anOD600 of
0.8, protein expression was induced with 0.1 mM isopropyl-
ß-D-1-thiogalactopyranoside (IPTG). Following overnight
incubation at 16◦C, the cells were resuspended in lysis buffer
containing 10 mM Tris–HCl (pH 8), 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 7 mM dithiothre-
itol (DTT), 100 g/ml lysozyme and 2% Sarkosyl (w/v).
Cells were lysed by sonication (SONICS, VC130) for 1 min
(40% amplitude, 1 s pulse, 2 s break) on ice. After sonica-
tion, the cell debris was collected by centrifugation at 12
000 rpm for 10 min. To concentrate the protein, the su-
pernatant was transferred into an AMICONUltra-15 Cen-
trifugal filter device. A total of 20 mM CHAPS and 2%
Triton-X100 were then added to the concentrated protein
and the solution was incubated for 30 min at 4◦C. Follow-
ing this, 1 ml of GST-beads (Glutathione Sepharose 4B)
were added to the solution with an incubation time of 1 h
at 4◦C. To purify the protein, the solution was applied to
a GST-Gravi-Trap column. After applying the sample, the
column was washed with 20 ml of 2% Triton-LqPD-buffer
[10 mMTris–HCl (pH 8), 150 mMNaCl, 1 mMEDTA, 2%
Triton-X100] and 20 ml of LqPD-buffer [10 mM Tris–HCl
(pH 8), 150mMNaCl, 1 mMEDTA]. TheGST-fusion pro-
tein was eluted by applying 10 ml of 10 mM Glutathione
(in LqPD-buffer) to the column. The eluted protein was
collected in 1 ml fractions and stored at −80◦C in buffer
containing 10 mM Tris–HCl (pH 8), 150 mM NaCl, 1 mM
EDTA and 15% glycerol. The concentration of the sam-
ples was determined by measuring the absorption at 280
nm wavelength using spectrophotometer. Sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel and western-blot analysis confirmed the purity of the
protein.
CYV-VP3, DXV-VP3 and DCV-1A were expressed as
MBP fusion proteins as previously described (20). Briefly,
the CYV-VP3, DXV-VP3 and DCV-1A coding sequences
were cloned downstream of the MBP coding sequence in
the multiple cloning site of pMAL-c2X (New England Bio-
labs) using the EcoRI and SalI restriction sites for DCV-1A
and BamHI andHindIII sites for CYV andDXV-VP3. As a
consequence, theMBP sequence and the viral sequences are
separated by a linker of 24 (DCV-1A) and 26 amino acids
(CYV andDXV-VP3). The plasmids were transformed into
E. coli BL21 (DE3). When the bacterial cultures reached
an OD600 of 1.2, protein expression was induced by the ad-
dition of 1 mM of IPTG. Following overnight incubation
at 18◦C, the recombinant proteins were affinity-purified on
amylose resin columns according to the manufacturer’s in-
structions (New England Biolabs). The proteins were dia-
lyzed to buffer (20 mM Tris–HCl, 0.5 mM EDTA, 5 mM
MgCl2, 1 mM DTT, 140 mM NaCl, 2.7 mM KCl) and
stored in dialysis buffer containing 30% glycerol, as de-
scribed previously (20). Protein concentrations were deter-
mined with the Bio-Rad (Bradford) Protein Assay.
AP-TEV-6xHis tagged Dcr-2 protein was cloned, ex-
pressed and purified by GenScript (NJ, USA) using a pub-
lished protocol (29). In short, proteins were expressed from
insect cells (Sf9 cell line) using the Bac-to-Bac Baculovirus
expression system F1 and were purified using Ni-NTA
beads (QIAGEN). The protein was incubated with Tobacco
Etch Virus (TEV) protease to cleave off the His-tag, purified
by agarose SP Sepharose and Superdex 200, and dialyzed in
Dcr-2-buffer (10 mMHEPES, 150 mMNaCl, 5%Glycerol,
1 mM TCEP, pH 7.4) (Figure 1A). The BirA enzyme was
simultaneously expressed withDcr-2 in Sf9 cells, which pro-
moted ∼100% in vivo biotinylation of the AP-tag in the N-
terminus of Dcr-2 (Figure 1B), when the media was supple-
mented with 1 mg/ml of free biotin as described elsewhere
(30,31).
Dicer processing
Dcr-2 cleavage reactions were performed at 25◦C in a to-
tal volume of 20 l, in 25 mM Tris (pH 8.0), 100 mM KCl,
10 mM MgCl2, 1 mM TCEP, 5 mM ATP, 2.5 nM of inter-
nally Cy5-labeled dsRNA, 100 nM of Dcr-2 and 100 nM
of the purified LqPD. Dcr-2 and LqPD were pre-incubated
together during 5 min to promote protein complex assem-
bly. The cleavage reactions were started by adding 100 nM
of Dcr-2–LqPD and stopped with two volumes of 2 × for-
mamide loading buffer (95% formamide, 18 mM EDTA,
0.025% SDS, xylene cyanol, bromophenol blue) as de-
scribed elsewhere (5). The RNA samples were separated on
10% urea polyacrylamide gel and scanned with a Typhoon
imager (GE Healthcare).
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Figure 1. Development of a single-molecule assay for real-time observa-
tion of viral RNAs recognition by Dcr-2 complex. (A) Schematic repre-
sentation of sample preparation. Dcr-2 was constructed with 6xHis, TEV
and AP tags which were used for Ni-NTA purification, elution, and in vivo
biotinylation, respectively. Dcr-2 proteins were biotinylated in Sf9 cells.
The protein was purified using Ni-NTA column and eluted by 6xHis-tag
cleavage by the TEV protease. (B) Western blot analysis displays the ef-
ficiency of in vivo biotinylation of AP-tagged Dcr-2 in the presence (lane
1) or absence (lane 2) of 1 mg/mL free biotin in the culture medium. The
biotinylated Dcr-2 bound to StreptAvidin, which resulted in the shift ob-
served in lane 1. (C) In vitro cleavage assay of Cy5-labeled 70-nt dsRNA
with blunt end by Dcr-2–LqPD in the absence (lane 1) and presence
(lane 2) of 10mMMgCl2. The top band indicates non-cleaved dsRNA, and
the lower bands indicate cleavage products. (D) Schematic representation
of single-molecule immobilization. Dcr-2 was conjugated to a polymer-
coated surface via NeutrAvidin-biotin interaction. Contaminant proteins
were washed away before the introduction of LqPD recombinant protein
into the imaging chamber. Dcr-2 and LqPD were incubated together for
5 min to promote protein–protein interaction on the surface of the imag-
ing chamber. Non-bound LqPD was washed away before Cy5-labeled 70-
nt dsRNA was introduced. Interactions between the surface-immobilized
Dcr-2 complexes with Cy5-labeled dsRNA were visualized through TIRF
microscopy. Dots in the EM-CCD image reflect docking of dsRNA to
individual Dcr-2–LqPD complexes. The EM-CCD image illustrated the
RNA preparation and labeling
All RNA constructs used in this study were synthesized
by ST-Pharm, IBA-Lifesciences and ELLA Biotech. RNA
hairpins were generated by ligation of two synthetic RNAs
(Supplementary Table S1). First, a single stranded RNA
containing 5′ phosphate (acceptor, 200 pmol) was mixed
with the other strand containing 3′OH (donor, 100 pmol)
in TE buffer containing 100 mM NaCl. This mixture (20
l) was subsequently annealed by heating to 80◦C followed
by slowly cooling in a thermal cycler (−1◦C/4min). The an-
nealed substrate was ligated with 3 l T4 RNA ligase (Am-
bion, 5 U/l), 3 l 0.1% bovine serum albumin, 5 l 10×
ligation buffer provided and 19 l H2O at 16◦C for 24 h.
After ethanol precipitation, the RNA was purified from a
12.5% urea polyacrylamide gel (32). The RNA strands were
labeled with the NHS-ester form of Cy dyes (GE Health-
care) at nearly 100% efficiency without compromising their
structure and the processing by RNA binding proteins (31).
In case of short siRNA that does not contain any loop struc-
ture (Figure 4), sense strand was labeled with Cy3 and an-
nealed to an antisense strand labeled with Cy5 to ensure ex-
clusive analysis of double-stranded RNA population. For
simplicity, we show only Cy5 fluorescence signal in the time
traces.
Microfluidic chamber
To eliminate non-specific surface adsorption of proteins
and nucleic acids, the quartz surface (Finkenbeiner) of the
microfluidic chamber was coated with poly-ethyleneglycol
(mPEG-Succinimidyl Valerate, MW 5000, Laysan). A sub-
population of the PEG (∼2.5%) had biotin at the end
(Biotin-PEG-SVA, MW 5000, Laysan). NeutrAvidin was
layered on the surface via conjugation with the biotin.
The details can be found elsewhere (33). Finally, biotiny-
lated Dicer IPs were specifically immobilized via the biotin-
NeutrAvidin interaction. The binding between biotinylated
Dicer and NeutrAvidin is stable for several hours without
any noticeable dissociation.
Single-molecule observation of Dicer–RNA interaction
Fifty microliters of NeutrAvidin (100 g/ml, Invitrogen)
was incubated for 2 min in the chamber. After washing un-
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
binding events over 25 × 25 m field of view. Scale bar, 5 m. (E) EM-
CCD images illustrating stable docking of Cy5-labeled dsRNA to pas-
sivated surface without any protein (left), passivated surface with LqPD
non-specifically immobilized (second image), surface immobilizedDcr-2 in
the absence of LqPD (third image) and surface immobilized Dcr-2–LqPD
complexes. Scale bar, 5 m. The histogram (right panel) compares the ab-
solute binding activity of Dcr-2 alone andDcr-2–LqPD complex. Data are
presented as averages and SD of three independent experiments. In each
experiment snapshots from 10 fields of view were analyzed. (F) Represen-
tative time traces (at a time resolution of 300 ms) exhibiting recognition of
multiple Cy5-labeled 70-nt dsRNA by a single Dcr-2–LqPD complex. The
dwell-time (τ ) is the time between docking and dissociation. The 70-nt
Cy5-dsRNA was added at a time period of 5 s. (G) Dwell-time histogram
derived from binding events recorded for 450 s in a pre-steady state condi-
tion. The distribution was fitted with a single exponential decay (gray line)
where the average dwell-time is τ = 12.5 ± 2.2 s. Data are presented as
average and SD of three independent experiments.
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bound NeutrAvidin away with 100 l T50 buffer (10 mM
Tris–HCl pH 8, 50 mM NaCl), 50 nM biotinylated Dcr-2
(20 l) was incubated for 5 min in the chamber. After wash-
ing the unbound proteins away with 100 l Dcr-2-buffer
(25 mM Tris pH 8.0, 100 mM KCl, 10 mM MgCl2 and 1
mM TCEP,), 50 nM of recombinant LqPD was introduced
into the imaging chamber and incubated with surface im-
mobilizedDcr-2 for 5min.Afterwashing away the unbound
LqPD with Dcr-2-buffer, 100 pM dye-labeled dsRNA was
injected in the imaging buffer. As a negative control, LqPD
alone (50 nM) lacking Dcr-2 was pre-incubated for 5 min
in the passivated chamber. Unbound proteins were washed
away with 100 l of Dcr-2-buffer, before the introduction of
100 pM dye-labeled dsRNA.
The imaging buffer consisted of 25 mMTris [pH 8.0], 100
mMKCl, 10 mMMgCl2, 1 mM TCEP, an oxygen scaveng-
ing system (0.8% glucose (v/v), 0.1 mg/ml glucose oxidase
(Sigma-Aldrich), 17g/l catalase (Roche)) to reduce pho-
tobleaching and 1 mM Trolox (Sigma-Aldrich) to reduce
photoblinking of the dyes (34).
Single-molecule observation of VSR–RNA interaction
VSR proteins were immobilized on the surface of the mi-
crofluidic chamber using a biotinylated anti-MBP antibody
(US Biological Sciences, M2155–09P). A total of 66 nM
of biotinylated anti-MBP antibody was incubated with the
NeutrAvidin coated-surface for 2 min. The unbound anti-
bodies were washed away with 100 l of T50 buffer before
the introduction of 1–100 nMVSRs proteins. The unbound
proteins were washed away with imaging buffer, followed
by the introduction of 100–200 pM dye-labeled dsRNA in
imaging buffer.
Single-molecule data acquisition
The fluorescent label Cy3 was imaged using prism-type to-
tal internal reflection microscopy at an excitation at 532
nm (Compass 215M-50, Coherent). Cy5 was excited by a
633 nm solid-state laser (CVI Melles Griot 25 LHP 928,
633 nm). When obtaining the time traces, the Cy3 and Cy5
molecules were excited with 532 nm and 633 nm laser light
sources as weakly as possible (4–5 mW) to minimize Cy3
and Cy5 photobleaching during imaging. Under this imag-
ing condition, only a minor fraction of the time traces were
affected by Cy3 or Cy5 photobleaching or photoblinking
during the first few minutes of imaging. Despite this pre-
caution, long-lived binding events are influenced by photo-
bleaching, which results in an underestimation of the life-
time of long-lived binding events.
Fluorescence signals from singlemolecules were collected
with a 60× water immersion objective (UPlanSApo, Olym-
pus) with an inverted microscope (IX71, Olympus). Scat-
tering of the 532 nm laser beam was blocked with a 550 nm
long-pass filter (LP03–532RU-25, SemRock).When the 633
nm laser was used, 633 nm laser scattering was blocked with
a notch filter (NF03–633E-25, SemRock). Subsequently,
the signals from Cy3 and Cy5 were spectrally split with a
dichroic mirror (λcutoff = 645 nm, Chroma) and imaged
onto two halves of an electron multiplying charge-coupled
device (EM-CCD) camera (iXon 897, Andor Technology).
A series of EM-CCD images were acquired with in-house
software written in Visual C++with a time resolution of 0.3
s. The EM-CCD images record binding events over 25 × 50
m field of view.
Single-molecule data analysis
Fluorescence images and time traces were extracted with
programs written in IDL (ITT Visual Information Solu-
tions) and analyzed with Matlab (MathWorks) and Ori-
gin (OriginLab Corporation). To systematically select sin-
gle molecule fluorescence signals of Cy3 and Cy5 from the
acquired images, we employed an algorithm written in IDL
that identified fluorescence spots with a defined Gaussian
profile and with signals above a threshold. This algorithm
was effective in differentiating specific bindings from the
background fluorescence.
A dwell-time distribution was fitted by either a
single-exponential decay curve (Ae−t/τ ) or a double-
exponential decay curve (A1e−t/τshort + A2e−t/τlong ). In
case of a double-exponential decay, the percentages
of τshort and τlong populations are determined by
A1τshort/(A1τshort + A2τlong) and A2τlong/(A1τshort +
A2τlong), and the average dwell-time is determined by
(A1τ 2short + A2τ 2long)/(A1τshort + A2τlong). t (time) is
a variable; and A, A1, A2 (amplitudes) and τ , τshort,
τlong (life times) are parameters.
RESULTS
Single-molecule assay for investigating Dcr-2 antagonism by
VSRs
To reveal how VSRs repress the RNAi machinery, we de-
veloped a single-molecule fluorescence assay and assessed
in real-time the interactions between RNAi effectors, vi-
ral proteins, and RNAs mimicking cellular and viral RNA
species. We focused on understanding how viral proteins in-
terfere with the recognition of dsRNAs byDrosophilaDcr-2
and its cofactor LqPD. This assay required the assembly of
nucleoprotein complexes (Dcr-2, LqPD, VSRs, and dsRNA
molecules) at the single-molecule level.
We prepared biotinylated Dcr-2 protein for surface im-
mobilization. Briefly, Dcr-2 was appended with a short tag
called AP (Acceptor Peptide), which was used for biotiny-
lation during protein expression (Figure 1A). Dcr-2 was ec-
topically expressed in Sf9 insect cells together with the BirA
enzyme that biotinylates the AP tag (30–31,35). We tested
the efficiency of the in vivo biotinylation by incubating AP-
Dcr-2 protein with NeutrAvidin and running a western blot
analysis. Nearly 100% of AP-Dcr-2 was shifted to higher
molecular weight indicating efficient biotinylation (Figure
1B). A cleavage assay confirmed that the biotinylated Dcr-
2 was catalytically active in processing a blunt end dsRNA
(Figure 1C).
We immobilized the biotinylated Dcr-2 on the surface
of a microfluidic chamber using biotin–NeutrAvidin inter-
actions (Figure 1D). We washed away the unbound Dcr-2
proteins and introduced recombinant LqPD into the imag-
ing chamber and incubated for 5 min to promote protein–
protein interaction.We flushed out the unboundLqPDpro-
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teins and introduced dye-labeled dsRNA. We used total in-
ternal reflection fluorescence (TIRF)microscopy to observe
the interactions between surface-immobilizedDcr-2–LqPD
and dye-labeled dsRNA while excluding the background
signal from the freely diffusing dsRNA molecules (Figure
1D and E right most).
When Dcr-2 alone was tested, a low number of dsRNA
docking events were recorded (Figure 1E). Only when Dcr-
2 was associated with the cofactor LqPD, we observed a
large number of binding events, as reflected by the increase
of black dots in the EM-CCD image (Figure 1E). This ob-
servation shows that LqPD increases the binding affinity
of Dcr-2 for dsRNA. When the dye-labeled dsRNA was
introduced into a surface that was not treated with Dcr-
2 and LqPD, no binding events were observed. This ex-
cluded the possibility of non-specific interactions between
the RNA and the surface (Figure 1E). LqPD itself has
dsRNA binding domains that may mediate the binding
when non-specifically absorbed to the surface. To rule out
this possibility, we pre-treated the microfluidic chamber
with LqPD in the absence of Dcr-2 and then introduced
dsRNA. We did not observe significant numbers of bind-
ing events, excluding the possibility of non-specific interac-
tion between non-biotinylatedLqPDproteins and the imag-
ing surface (Figure 1E). These data show that the bind-
ing reported here was mediated by a specific recognition of
dsRNA molecules by the Dcr-2–LqPD complex.
We sought to understand how Dcr-2–LqPD binds
dsRNA substrates by measuring the kinetics of binding
in a pre-steady state condition. We introduced dye-labeled
dsRNA into a microfluidic chamber (Figure 1F) and im-
aged the interactions in real-time. dsRNA docking to a sin-
gle Dcr-2–LqPD complex is reflected by the sudden appear-
ance of the fluorescence signal as shown in the time traces
(Figure 1F). To determine the lifetime of binding, we mea-
sured the dwell-time (τ ) from 1649 binding events. Dwell-
time analysis revealed that the distribution follows a single-
exponential decay with <τ> = 12.5 ± 2.2 s that reflects
the interaction lifetime between the Dcr-2–LqPD complex
and the dsRNA substrate (Figure 1G).
Viral proteins antagonize Dcr-2 by shielding viral RNA
molecules
Viral proteins can antagonize theRNAimachinery at differ-
ent levels. We were particularly interested in RNA binding
VSRs from Drosophila viruses and chose to study the VP3
protein of DXV (genus Entomobirnavirus, family Birnaviri-
dae) and the 1A protein of DCV (genus Cripavirus, family
Dicistroviridae). In addition, we included in our analyses the
VP3 protein of CYV, a virus originally isolated from wild-
caught Culex pipiens mosquitoes and, like DXV, a mem-
ber of the genus Entomobirnavirus. As expected from their
evolutionary relationship, the CYV and DXVVP3 proteins
share extensive sequence homology (Supplementary Figure
S5). We took advantage of our single-molecule assay to as-
sess how these viral proteins suppress the recognition of
RNA substrates by the endonuclease Dcr-2.
First, we hypothesized that viral proteins might physi-
cally interact with the Dcr-2–LqPD complex, thereby pre-
venting the recognition of dsRNA molecules. To test this
hypothesis, we pre-incubated Dcr-2–LqPD with the viral
proteins within the imaging chamber, promoting protein–
protein interaction (Figure 2A). After 5 min incubation,
we washed away unbound VSRs and quantified binding of
Cy5-labeled 70-nt dsRNA to surface-immobilized Dcr-2–
LqPD. Compared to the control condition (Maltose Bind-
ing Protein, MBP), none of the VSRs significantly inhib-
ited dsRNA binding activity of Dcr-2–LqPD (Figure 2B
and C). This experiment thus revealed the absence of in-
hibitory protein–protein interaction. It should, however, be
noted that this absence of inhibition does not rule out a pos-
sibility of direct physical interactions between these VSRs
and the Dcr-2–LqPD complex.
Next, we probed whether VSRs might directly bind to
dsRNA molecules and prevent the recognition by Dcr-2–
LqPD. To test this hypothesis, we pre-incubated dsRNA
with VSRs, promoting the assembly of the nucleoprotein
complexes (Figure 2D). After 5 min pre-incubation, we
flushed them into the imaging chambers containing surface-
immobilized Dcr-2–LqPD. As evident from the docked
dsRNAmolecules in the EM-CCD images (Figure 2E), the
viral proteins CYV-VP3, DXV-VP3 and DCV-1A inhibited
the dsRNA binding capacity of Dcr-2–LqPD in a dose-
dependent manner (Figure 2F). Notably, CYV-VP3 exhib-
ited the highest suppressive activity among the three viral
proteins. Eighty percent of the binding events were elim-
inated at a low concentration of the CYV-VP3 protein (1
nM), whereas an ∼100-fold higher concentration (100 nM)
of DXV-VP3 and DCV-1A was required to reach the same
efficiency. This distinct suppression efficiency is possibly
due to a higher dsRNA binding affinity of CYV-VP3.
Viral proteins bind irreversibly to long dsRNA molecules
The data in Figure 2 suggest that the viral proteins CYV-
VP3, DXV-VP3 and DCV-1A inhibit the recognition of
dsRNA by Dcr-2–LqPD mainly by physical association
with dsRNA.We used single-molecule fluorescence for real-
time observations of the physical interaction between vi-
ral proteins and dsRNA molecules. CYV-VP3, DXV-VP3,
and DCV-1A were expressed as fusion proteins with the
MBP tag, which offers the possibility of surface immobi-
lization using biotinylated anti-MBP antibodywithout con-
straining functional protein domains (Figure 3A). First,
we aimed to visualize the physical interaction between the
three VSRs and dsRNA and compare their dsRNA bind-
ing affinity. Surface-immobilized VSRswere incubatedwith
70-nt, fully base-paired dsRNA (Supplementary Figure
S1) that mimics viral dsRNA. After 5 min incubation, we
washed away the unbound RNA and recorded the bind-
ing events by taking EM-CCD snapshots (Figure 3B). All
three VSRs showed stable physical interaction with 70-nt
dsRNA. Quantification of the binding events revealed that
CYV-VP3 has the highest dsRNA-binding activity among
the three VSRs proteins (Figure 3C), which is in agreement
with the suppression of Dcr-2 recognition data in Figure
2D–F.
Next, we sought to visualize the interaction between
VSRs and dsRNA in real-time and uncover binding kinet-
ics by taking advantage of our single-molecule assay and
the fast camera. Upon the introduction of 100 pM Cy5-
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Figure 2. Physical interactions between VSRs and dsRNA inhibit Dcr-2 recognition. (A) Schematic representation of single-molecule assay to probe
for a direct interaction between the Dcr-2–LqPD complex and VSRs. VSRs were pre-incubated for 5 min with surface immobilized Dcr-2–LqPD to
promote protein complex assembly before the introduction of Cy5-labeled 70-nt dsRNA into the imaging chamber. (B) EM-CCD images illustrating stable
docking of 70-nt Cy5-dsRNA to surface immobilized Dcr-2–LqPD incubated with 100 M MBP (control, CRL), CYV-VP3, DXV-VP3 or DCV-1A.
Scale bar, 5 m. (C) Quantification of dsRNA binding activity of Dcr-2–LqPD complexes that were pre-incubated with the indicated concentration of
MBP (reference), CYV-VP3, DXV-VP3 or DCV-1A. The binding events were normalized to the control condition (MBP). Data are presented as averages
and SD of three independent experiments. In each experiment snapshots from 10 fields of view were analyzed. (D) Schematic of single-molecule assay to
probe for an inhibitory interaction between VSRs and Cy5 labeled 70-nt dsRNA. VSRs were incubated with dsRNA for 5 min to promote the assembly of
nucleoprotein complexes. After incubation, the nucleoprotein complexes were introduced into the imaging chamber to assess the dsRNA-binding activity
of Dcr-2–LqPD. (E) EM-CCD images illustrating dsRNA binding activity of surface-immobilized Dcr-2–LqPD to a dsRNA pre-incubated with 100 nM
of MBP (control, CRL), CYV-VP3, DXV-VP3 or DCV-1A. Scale bar, 5 m. (F) Quantification of RNA binding activity of Dcr-2–LqPD to dsRNA pre-
incubated with different concentrations of MBP, CYV-VP3, DXV-VP3 or DCV-1A. The binding events were normalized to the control condition in which
the dsRNA were incubated with the imaging buffer without proteins. Data are presented as averages and SD of three independent experiments. In each
experiment snapshots from 10 fields of view were analyzed.
labeled 70-nt dsRNA into an imaging chamber, the en-
counter with surface-immobilized VSRs was recorded as a
sudden appearance of the fluorescence signal. The analysis
of time traces exhibited two distinct binding events (Fig-
ure 3D, F and H). The short binding reflects an aborted
interaction, whereas long binding events indicate a sta-
ble (nearly irreversible) interaction between dsRNA and
surface-immobilized viral proteins. A substantial number
of time traces exhibited very long binding that went beyond
the time window of our measurements. To estimate the life-
time of interactions, we built a dwell-time histogram from
several hundreds of binding events recorded during the first
7.5 min after introducing dsRNA.
For the CYV-VP3 protein, the data distribution showed
a pattern characteristic of photobleaching, with a signifi-
cant population of dsRNA that survived the imaging (the
last bin in the histogram). Our analysis suggested that the
majority of binding events were long-lived and the average
lifetime of binding under this experimental condition was
151.3 ± 7.4 s (Figure 3E). To estimate the lifetime of the
interaction between CYV-VP3 and dsRNA while minimiz-
ing the influence of the photobleaching, we took snapshots
of fields of view every 2 min and counted the survival of
binding events over time. The half-life of the interactions
exceeded 70 min (Supplementary Figure S2a).
We performed similar measurements using DXV-VP3
(Figure 3F) andDCV-1A (Figure 3H) and observed a differ-
ent behavior of dsRNA binding. The binding dwell-time of
DXV-VP3 was fitted with a double exponential decay func-
tion that reflects two distinct binding modes: a short-lived
binding (τ 1 = 8.8 ± 2.8 s) and a stable binding (τ 2 =
91.8 ± 17.9 s) (Figure 3G), and time traces showed that
a single protein can exhibit both short and long binding
behavior (Figure 3F). DCV-1A protein also exhibited two
distinct binding behaviors, short with τ 1 = 4.9 ± 2.1 s
life-time and long with τ 2 = 64.0 ± 16.5 s life-time (Fig-
ure 3H and I). The snapshot measurement further indicated
that the half-life of the stable bindings exceed 50 and 34 min
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Figure 3. VSRs stably bind to long dsRNA molecules. (A) Schematic representation of single-molecule assay to visualize dsRNA recognition by VSRs
in steady state conditions. Biotinylated Anti-MBP antibody was conjugated to a polymer-coated surface via NeutrAvidin–biotin interaction. VSRs were
incubated for 5 min with the surface-immobilized anti-MBP to promote the interaction on the surface of the imaging chamber. Non-bound VSRs were
washed away before Cy5-labeled 70-nt dsRNA was introduced. VSRs and dsRNA were incubated in the imaging for 5 min to reach equilibrium. The
unbound dsRNAmolecules were washed away before imaging. (B) EM-CCD images illustrating dsRNA binding activity of surface-immobilized (50 nM)
CYV-VP3, DXV-VP3 and DCV-1A at steady state conditions. Scale bar, 5 m. (C) Quantification of dsRNA binding activity of surface-immobilized
CYV-VP3, DXV-VP3 and DCV-1A. Data are normalized and presented as average and SD of three independent experiments. Snapshots from 10 fields of
view were analyzed in each experiment. (D, F andH) Representative time traces (at a time resolution of 300 ms) reflecting the recognition of 70-nt dsRNA
by CYV-VP3 (D), DXV-VP3 (F) and DCV-1A (H) in pre-steady state conditions. The Cy5-labeled 70-nt dsRNA was introduced in the imaging chamber
at t = 5 s. (E, G and I) Dwell-time histogram derived from binding events to surface-immobilized CYV-VP3 (E), DXV-VP3 (G) and DCV-1A (I) recorded
for 450 s in pre-steady state conditions. The distribution was fitted with a single exponential decay (gray line in E) or double exponential decay (gray line in
G and I). Data are presented as average and SD of three independent experiments. The last bin at the end of the histograms represents the binding events
that survived beyond 450 s of imagining. The pie charts (right panels) illustrate the percentage of short (red) and long (black) binding events. The cut-off
between short and long binding is 10 s.
for DXV-VP3 and DCV-VP3, respectively (Supplementary
Figure S2b and c). These data show physical interactions
between the viral proteins and dsRNA and demonstrate the
higher binding affinity of CYV-VP3 due to the domination
of the stable binding.
The length of the RNA stem region defines the binding mode
The intracellular compartment contains a large variation of
structured RNAs species. Viral proteins must have a mech-
anism to specifically distinguish viral from cellular RNA
molecules. We sought to find out whether the length of the
stem region could affect the recognition by the three VSRs.
We used our single-molecule assay to probe VSR binding
to a short (22-nt) duplex RNA with two mismatches (Sup-
plementary Figure S1). Time traces revealed an exclusively
transient binding behavior for all VSRs tested (Figure 4A,
C and E). To accurately estimate the binding dwell-time, we
built histograms from several thousands of binding events
and noticed that the binding follows a single exponential
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Figure 4. Short RNAs are rapidly rejected by the VSRs after initial sens-
ing. (A,C andE) Representative time traces (at a time resolution of 300ms)
reflecting the recognition of 22-nt dsRNAbyCYV-VP3 (A), DXV-VP3 (C)
andDCV-1A (E) in pre-steady state conditions. The 22-nt dsRNAcontains
2-nt 3′overhang and two mismatches in the base-paired region. The RNA
was introduced in the imaging chamber at t= 5 s. (B,D and F) Dwell-time
histogram derived from binding events to surface-immobilized CYV-VP3
(B), DXV-VP3 (D) and DCV-1A (F) recorded for 450 s in a pre-steady
state condition. The distribution was fitted with a single-exponential de-
cay (gray line). Data are presented as average and SD of three independent
measurements.
decay. The binding dwell-time of CYV-VP3, DXV-VP3 and
DCV-1A was 1.69 ± 0.2 s, 0.95 ± 0.1 s and 1.08 ± 0.1 s, re-
spectively (Figure 4B, D and F). We observed similar short
binding behavior when we tested a short duplex RNA (22-
nt) lacking mismatches (Supplementary Figure S3). Such
exclusively short interactions might represent a mechanism
by which the viral proteins inspect dsRNA molecules and
reject non-viral ones.
We sought to define the minimal stem-length required
for the VSRs to switch from the rapid rejection to the irre-
versible binding mode by testing several different dsRNA
molecules. First, we tested a precursor microRNA (pre-
miRNA) called pre-let-7a-1 that contains a 22-nt base-
paired region and a terminal loop (Supplementary Fig-
ure S1). We noticed that CYV-VP3 and DXV-VP3 proteins
could not stably associate with this pre-miRNA molecule
and rejected it within 6.6 ± 1.2 s and 9.8 ± 2.4 s, respec-
tively (Figure 5A and B). In contrast, DCV-1A exhibited a
biphasic binding behavior to the pre-miRNA substrate: a
population of DCV molecules displayed short binding that
reflects an aborted interaction (12.2± 2.2 s) and a large pop-
ulation could bind to this substrate stably (142.6 ± 60.6 s)
(Figure 5C). The analysis of time traces showed that a sin-
gle DCV-1A protein can exhibit both short and long bind-
ing behavior, excluding the possibility of heterogeneous pro-
tein populations (Supplementary Figure S4). These obser-
vations suggest a distinct substrate recognition mechanism
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Figure 5. Minimum length of dsRNAs for switching from unstable to sta-
ble binding. (A–C) Dwell-time histograms derived from binding events of
pre-miRNA to CYV-VP3 (A), DXV-VP3 (B) and DCV-1A (C) in pre-
steady state conditions. The RNA substrate has 20-nt base-paired stem
containing two mismatches and 2-nt 3’ overhang. (D–F) Binding dwell-
time of pre-miRNA without mismatches in the stem to CYV-VP3 (D),
DXV-VP3 (E) and DCV-1A (F) in pre-steady state conditions. The RNA
substrate has 20-nt fully base-paired stem and 2-nt 3’ overhang. (G–I)
Binding dwell-time of 32-nt dsRNA to CYV-VP3 (G), DXV-VP3 (H) and
DCV-1A (I) in pre-steady state conditions. The RNA substrate has 32-nt
fully base-paired stem and 2-nt 3’ overhang. (J–L) Binding dwell-time of
50-nt dsRNA to CYV-VP3 (J), DXV-VP3 (K) and DCV-1A (L) in pre-
steady state conditions. The RNA substrate has 50-nt fully base-paired
stem and 2-nt 3’ overhang. The distributions were fitted with either sin-
gle or double-exponential decay (gray lines). Data are presented as average
and SD of three independent measurements.
employed by DCV-1A compared to CYV-VP3 and DXV-
VP-3.
Next, we questioned whether the mismatches on the stem
region of the pre-miRNAcould affect the bindingmode.We
established a new pre-miRNA construct lacking the mis-
matches in the stem region and tested the binding mode of
the three viral proteins. No difference in binding was ob-
served compared to the pre-let-7a-1 with mismatches, indi-
cating little or no influence of the two mismatches on the
stability of the VSR–dsRNA interaction (Figure 5D–F).
Finally, we extended the length of the stem region to 32
base-paired nucleotides and tested the binding behavior of
the three viral proteins. The CYV-VP3 shifted its binding
mode from unstable to stable when a dsRNA substrate has
32-nt base-paired region (τ = 37.7 ± 8.0 s) (Figure 5G).
DXV-VP3, however, still exhibited an exclusive rapid rejec-
tionmode for this dsRNA substrate (τ = 6.8± 0.7 s) (Fig-
ure 5H).Whenwe tested a dsRNAwith a 50-nt stem region,
DXV-VP3 like the other two viral proteins shifted to a stable
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binding mode (Figure 5J–L). Taken together, these results
indicate that DXV-VP3 requires a dsRNA length between
32 and 50-nt to achieve a stable binding, whereas CYV-VP3
requires between 22 and 32-nt dsRNA region to bind stably.
DCV-1A was able to stably associate with shorter dsRNA
(pre-miRNA) with only 22 basepaired nucleotides and ter-
minal loop, but most stably bound to dsRNA of 50-nt or
longer.
DISCUSSION
Antiviral RNAi is a well-conserved defense mechanism that
efficiently targets viral RNAs in eukaryotic organisms. In
the arms race with their hosts, viruses evolved a multitude
of VSR proteins to counteract the antiviral RNAi path-
way at different stages (2). The intracellular environment of
the host contains a mixture of cellular and viral RNAs, yet
VSRs employ a poorly understoodmechanism to effectively
discriminate viral RNAs from cellular RNAs.We developed
sensitive single-molecule assays to gain a dynamic under-
standing of this discrimination process employed by three
VSRs (CYV-VP3, DXV-VP3 and DCV-1A) isolated from
different viral species. Of these, DCV-1A contains a canoni-
cal dsRNA-binding domain (dsRBD) (11), whereas birnavi-
ral VP3 proteins recognize dsRNA independent of a canon-
ical dsRBD (discussed below) (36). We focused on defin-
ing the critical RNA features required for VSR recognition
to ensure the protection from Dcr-2 recognition. We found
that VSRs employ a rapid screening mechanism and pre-
dominantly rely on the length of the double-stranded region
to find their targets among a pool of small RNA species that
they stochastically encounter. The tested VSRs engage in
stable, almost irreversible, binding with RNA species con-
taining long dsRNA motifs (Figure 6).
All tested VSRs efficiently bind dsRNA, which was re-
flected in the high suppression of viral RNA recognition
by Dcr-2 (Figure 2). dsRNA binding to VSRs appears to
mask this substrate from Dcr-2 complex recognition. The
real-time observations on the recognition process provided
direct evidence of physical interactions between VSRs and
dsRNA molecules (Figure 3). It also revealed the high
RNA-binding activity of these proteins, given that 68–94%
of the encounters with the long dsRNAmolecules exhibited
stable and almost irreversible binding behavior (Figure 3).
These observations imply that VSRs can bind long double-
stranded RNAs such as the genome of dsRNA viruses
and viral replication intermediates of single-stranded RNA
viruses with high affinity to mask Dcr-2 recognition. De-
spite these similarities between the modes of action of these
VSRs, they differed in binding efficiency to some RNA
species.
CYV and DXV are members of the genus Entomobir-
navirus (familyBirnaviridae). VP3 proteins of this family are
proposed to mediate capsid assembly through interactions
with the viral genome and the RNA-dependent RNA poly-
merase VP1 (37,38). The carboxy-terminal domain of cer-
tain VP3 proteins is highly basic, since it contains dozens of
positively charged amino-acids and several proline residues
that couldmediate the interaction with dsRNAs.Within the
birnavirus family, the structure of the dsRNA-binding cen-
tral domain of VP3 of infectious bursal disease virus (IBDV,
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Figure 6. Model of substrate recognition by VRSs. (A) CYV-VP3 and
DXV-VP3 use a rapid screening mode to discriminate viral dsRNAs from
cellular RNAs such as short dsRNAs and short hairpin RNAs. RNAs
containing ∼20-bp or shorter ds motif (e.g. duplex miRNAs, vsiRNAs)
are rapidly rejected after probing (top). RNAs with a short hairpin struc-
ture such as pre-miRNAs are also rapidly rejected (middle). CYV-VP3
and DXV-VP3 stably interact with RNA molecules harboring 30–50 bp
or longer ds motif. This stable interaction shields viral RNAs from Dcr-2
recognition and processing (bottom). (B) DCV-1A uses a rapid screening
mode to discriminate viral dsRNAs from cellular RNAs such as short dsR-
NAs. RNAs containing ∼20-bp or shorter ds motif are rapidly rejected
(top). DCV-1A stably interacts with pre-miRNAs and may affect their
maturation into miRNAs (middle). DCV-1A stably interacts with RNA
molecules harboring 30 bp or longer ds motifs. These stable interactions
shield the RNAs from Dcr-2 (bottom).
genus Avibirnavirus) has been solved (36). IBDV VP3 con-
sists of two helical domains connected by a long flexible
linker, forming a stable dimer. VP3 sequence homology be-
tween entomobirnaviruses and avibirnaviruses is too low to
generate a reliable alignment (36), precluding the possibil-
ity to generate a homology model for CYV and DXV. Yet,
given that birnaviruses share their genome organization and
that VP3 of multiple birnavirus genera have been reported
to bind dsRNA, it is likely that VP3 of entomobirnaviruses
and IBDV share the same common ancestor, and thus to
have the same protein fold. It is therefore unexpected that
some differences were noted between CYV and DXV VP3
proteins.
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CYV-VP3 and DXV-VP3 share 51.6% of sequence iden-
tity and 83% of sequence homology at the amino acid level
(Supplementary Figure S5). Both proteins were reported
to suppress the RNAi pathway in vivo (20), and our data
indicate that both proteins stably bind long dsRNA, but
were not able to stably associate with dsRNA molecules
shorter than ∼2-nt and rejected these non-canonical sub-
strates rapidly after few seconds of sensing. We found that
despite the sequence homology, the two VSR employ differ-
ent dynamics when sensing dsRNAmolecules. First, DXV-
VP3 exhibits a lower dsRNA-binding activity toward the
long dsRNA compared to CYV-VP3 (Figure 3A–C). The
lower binding activity of DXV-VP3 was also reflected by
31.8% of aborted binding events after the initial interac-
tions, whereas CYV-VP3 failed in engaging stable binding
in only 6% of tentative binding (Figure 3D–G). Second,
DXV-VP3 protein requires dsRNA region longer than 32-
nt to achieve stable binding, whereas the minimal length for
CYV-VP3 binding is between 22 and 32 bp of dsRNA (Fig-
ure 5). The structural basis for the dsRNAbinding activities
and the differences between DXV and CYV remain to be
determined. Perhaps more importantly, it remains an open
question whether the differences in length requirements and
affinity reflect different evolutionary pressures in the host
species of these viruses.
The aborted interactions with short RNA species suggest
that both CYY-VP3 and DXV-VP3 are unlikely to interfere
with loading of duplex vsiRNAs into Argonaute via direct
binding to duplex RNAs (Figure 4 and Supplementary Fig-
ure S4). They briefly interacted with these RNA molecules
and rejected them after a few seconds of probing. These re-
sults are somewhat contradictory with previous functional
and gel-shift assays in which it was proposed thatDXV-VP3
and CYV-VP3 have the potential to bind siRNAs (albeit
with 30- to 40-fold lower affinity than long dsRNA). Of
note, the concentrations of VSRs used in single-molecule
analyses are in the range of 100 pM, more than four orders
of magnitude lower than the concentrations that showed
bindings in the gel-shift assay (Kd 2–6 M), which may
explain the discrepancy between these assays. Additionally
or alternatively, in these single-molecule experiments, the
VSRs have been immobilized on the glass slide, whereas gel-
shift assays are in solution, perhaps favoring higher-order
interactions, such as oligomerizations (39), which may con-
tribute to RNA binding.
DCV-1A exhibited one order of magnitude lower bind-
ing affinity for long dsRNA than CYV-VP3 (Figure 3).
This was evident from the observation that 27.8% of the
DCV-1A-dsRNA encounters failed in achieving protec-
tive binding. It would be of interest to correlate structural
information with binding dynamics to explain why cer-
tain RNA-interacting proteins exhibit high binding affinity
compared to others. DCV-1A exhibited a notable capabil-
ity to bind dsRNAs species that are relatively short such as
pre-miRNAs with terminal loop and 22-nt basepaired stem
region. Based on this result, we anticipate that unlike CYV
and DXV infection, DCV infection might deregulate miR-
NAs biogenesis of the insect host, since the DCV-1A may
sequester some of the pre-miRNAs species. Although DCV
was suggested not to affect miR-2b biogenesis or function
(11), a recent report demonstrated that the levels of a large
number of mature miRNAs are reduced upon infection of
adult flies, whereas it had not been studied whether this is
due to the activity of DCV-1A (40).
Viruses replicate their genomes in dedicated compart-
ments in the cell. For examples, positive-sense RNA viruses
remodel intracellular organelles to form so-called replica-
tion organelles (41). These structures contain viral genomes
and proteins, together with cellular biomolecules that are
required for RNA replication. Such viral organelles might
offer a local environment that fosters stochastic encounters
between VSRs and viral RNAs in vivo. It would be of great
interest to test our substrate recognition model using in vivo
approaches such as VSR pulldown combined with RNA-
sequencing or single-molecule imaging in living insects or
insect cells infected with viruses.
Taken together, our data contribute to the understand-
ing of the molecular basis governing the recognition and
protection of viral RNAs by VSRs. However, it remains
unclear how RNA-interacting proteins that are beneficial
for the viruses (e.g. replication and translation machineries)
can dynamically access viral genomes and replication inter-
mediates despite the protection by VSRs. Real-time obser-
vations of the interplay between viral dsRNA, VSRs, and
other RNA-interacting proteins may shed light on this in-
triguing problem.
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